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Abstract 
In this work we present the surface passivation properties of pre-oxidized Si(100) surfaces compared to H-terminated 
Si(100) after atomic layer deposition (ALD) of Al2O3 thin films. Additionally the differences in surface passivation 
for n- and p-type silicon were investigated. The pre-oxidation was carried out in three different wet chemical 
solutions: (a) nitric acid (HNO3), (b) hydrochloric acid mixed with hydrogen peroxide (HCl/H2O2) and (c) a sulphuric 
acid with hydrogen peroxide (H2SO4/H2O2). The surface passivation quality was determined directly after deposition, 
after anneal at 400°C in N2 atmosphere for 10 min and after direct firing at 850°C in ambient for several seconds. 
Directly after deposition we find significantly higher passivation quality for the Al2O3 passivated samples with pre-
oxidized surfaces than for H-terminated surfaces. After anneal and after directly firing the passivation quality for 
Al2O3 on H-terminated surfaces is slightly better, nevertheless the surface recombination velocity for Al2O3 on pre-
oxidized silicon surfaces is still < 15 cm/s for n-type Fz silicon and < 70 cm/s for p-type Cz. A high quality surface 
passivation can therefore be achieved for silicon pre-oxidized with wet chemistries. The field-effect passivation for 
HF-last ALD Al2O3 exceeds the level of pre-oxidized samples after anneal as well as after direct firing.   
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1. Introduction 
Following the early work of Hezel et al. [1] in 1989 Hoex et al. [2] and Agostinelli et al. [3] reported 
on the excellent surface recombination velocities (Seff < 5 cm/s) achieved for Al2O3 passivated silicon 
surfaces. Since then the interest in this material for silicon surface passivation has increased rapidly. 
Recently also the ability of wet chemical oxide for silicon surface passivation quality was investigated [4-
8]. Effective surface recombination velocities of Seff ≈ 40 cm/s were reported for chemical SiO2 [4]. In 
addition, it has been reported that the surface passivation properties of SiO2 synthesized at low 
temperatures by plasma enhanced chemical vapour deposition can be improved by using an Al2O3 capping 
layer and annealing at moderate temperatures [9]. 
In this work we study the combination of wet chemical oxides and Al2O3. We investigate the influence 
of oxidized and H-terminated silicon surfaces on the surface passivation quality of Al2O3 films prepared 
by atomic layer deposition (ALD). We consider samples directly after ALD, after anneal at 400°C for 
10 min, and after direct firing at 850°C for several seconds. The oxidised surfaces are prepared using three 
different wet chemical solutions. Both n-type Fz and p-type Cz silicon was used to investigate the cases in 
which an inversion as well as an accumulation layer is formed.  
 
2. Experimental 
The depositions were carried out on 6” n-type Fz silicon samples with a resistivity of 2-3 ·cm and on 
6” semi-square p-type Cz silicon samples with a resistivity of 10-12 ·cm. The thicknesses were 200 μm 
(n-type Si) and 160 μm (p-type Si). The investigation of various chemical treatments prior to ALD 
deposition will be separated in hydrofluoric acid step (labelled: HF-last) and surface oxidation treatments. 
For surface oxidation three different chemical solutions were used: nitric acid (HNO3) (labelled: SiO2 
(HNO3)), hydrochloric acid with hydrogen peroxide (HCl/H2O2) (labelled: SiO2 (HCl)) and a sulphuric 
acid mixture with hydrogen peroxide (H2SO4/H2O2) (labelled: SiO2 (H2SO4)). The thickness of the 
chemical SiO2 was in the range of 2-4 nm. These layers were capped with ALD Al2O3 using Al(CH3)3 
and O3 as reactants. The deposition of 330 cycles results in a thickness of about 30 nm. The surface 
passivation quality was determined after the Al2O3-deposition (labelled: as-deposited), after an anneal 
treatment at 400°C in N2 atmosphere for 10 min (labelled: annealed) as well as after a direct firing step at 
850°C in ambient for several seconds (labelled: fired). 
The surface passivation quality was determined by evaluation of the effective injection dependent 
minority carrier lifetime eff using photo conductance decay measurements with a Sinton WCT-120 
instrument. For as-deposited samples the quasi-steady state mode and for annealed and fired samples the 
transient mode was applied. The effective surface recombination velocity Seff was calculated at an 
injection level of n = 1015 cm-3. The passivation uniformity of the n-type Fz samples was evaluated by 
mapping eff by photoluminescence measurements on quarters of 6” n-type Fz wafers. The values were 
calculated from the photoluminescence signals at an injection level of n ≈ 2·1015 cm-3. The 
photoluminescence signal was measured by a BT-Imaging instrument employing a laser irradiation with a 
wavelength of 808 nm. To determine the fixed charge density Qf in the samples the Corona charging 
technique was combined with Kelvin probe measurements [10,11]. The extraction of field-effect 
passivation properties caused by negative fixed charges in Al2O3 from the Corona charge density (QCorona) 
plots is described elsewhere [10]. The fixed charge density was determined for the p-type Cz samples. 
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3. Results and Discussion 
3.1. Depletion/Inversion layer passivation 
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Fig. 1: Injection dependent eff of n-type Fz silicon samples with (a) ALD (HF-last) Al2O3 (for as-deposited: eff = 4 μs) and (b-d) 
chemical SiO2/Al2O3 stacks directly after ALD (as-deposited), after anneal at 400°C in N2 and after direct firing at 850°C 
The injection dependent eff for the ALD (HF-last) Al2O3 and the chemical SiO2/Al2O3 stacks on n-
type Fz silicon are shown in Figure 1(a-d) in the excess carrier density range of 8·1012 to 1·1016 cm-3. 
From the eff( n)-dependence the Seff values were calculated at an injection level of n = 1015 cm-3. In 
Figure 2 the surface recombination velocities were shown for the variations: (a) HF-last Al2O3, (b) 
SiO2(HNO3)/Al2O3, (c) SiO2(HCl)/Al2O3 and (d) SiO2(H2SO4)/Al2O3. The surface passivation quality 
directly after ALD is lower for the HF-last ALD Al2O3 (Seff = 2000 cm/s) compared to the chemical 
SiO2/Al2O3 stacks. The stack SiO2(HCl)/Al2O3 resulted in the lowest value (Seff = 102 cm/s) for the three 
different chemical oxides. For the stack SiO2(HNO3)/Al2O3 Seff = 225 cm/s and for SiO2(H2SO4)/Al2O3 
Seff = 159 cm/s are achieved. After an anneal treatment at 400°C in N2-atmosphere for 10 min the surface 
passivation quality increases for all samples to a level of Seff < 10 cm/s. The ALD (HF-last) Al2O3 
provides the highest surface passivation quality with Seff below 3 cm/s. For the chemical SiO2/Al2O3 
stacks Seff lies between 4 and 10 cm/s. The surface passivation quality after anneal provided by an H-
terminated surface or an oxidized starting deposition are therefore comparable. After an industrial firing 
step at 850°C in ambient for several seconds directly after ALD the surface passivation quality is nearly 
equal compared to the level after anneal at 400°C. The Seff–values are between 6 and 13 cm/s.  
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Fig. 2: Seff (at n = 1015 cm-3) of n-type Fz silicon samples with (a) ALD (HF-last) Al2O3 and (b-d) chemical SiO2/Al2O3 stacks 
directly after ALD (as-deposited), after anneal at 400°C in N2 and after direct firing at 850°C 
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Fig. 3: eff-mappings calculated from photoluminescence signal mapping at n ≈ 2·1015 cm-3 of quarter 6” n-type Fz samples with 
chemical SiO2/Al2O3 stacks after direct firing 850°C. 
For the chemical SiO2/Al2O3 stacks the passivation uniformity was evaluated by eff-mapping after 
direct firing at 850°C (see Figure 3(a-c)). Line scans are also shown in Figure 3(a-c). The deviations in 
eff are about +/- 50 μs and can be related to the sample handling during their characterization. For all 
three SiO2 chemistries capped with ALD Al2O3 a uniform surface passivation was achieved. 
 
3.2. Accumulation layer passivation 
From injection dependent eff–values obtained for ALD (HF-last) Al2O3 and chemical SiO2/Al2O3 
stacks on p-type Cz silicon the surface recombination velocity Seff is calculated, see Figure 4(a-d). 
Directly after ALD of Al2O3 Seff-values between 71 cm/s and 400 cm/s were achieved. The values for the 
chemical SiO2/Al2O3 were lower compared to the HF-last Al2O3. After anneal surface passivation 
improved compared to the as-deposited level. Values of Seff below 5 cm/s were achieved for all cases 
except for the SiO2(HNO3)/Al2O3 stack (Seff = 12 cm/s). The surface passivation quality was lower when 
the films were fired instead of annealed.  
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Fig. 4: Seff (at n = 1015 cm-3) of p-type Cz silicon samples with (a) ALD (HF-last) Al2O3 and (b-d) chemical SiO2/Al2O3 stacks 
directly after ALD (as-deposited), after anneal at 400°C in N2 and after direct firing at 850°C 
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Fig. 5: Seff vs. QCorona dependence for 30 nm ALD Al2O3, after direct firing at 850°C, after annealing at 400°C in N2 and after anneal 
at 400°C in N2 followed by an additional firing step at 850°C 
After firing the Seff-values were between 15 and 70 cm/s. The highest surface passivation quality 
(Seff = 15 cm/s) was achieved with the HF-last Al2O3 layer. For the chemical SiO2/Al2O3 stacks with SiO2 
grown in HNO3, HCl/H2O2 and H2SO4/H2O2 values of 35 cm/s, 19 cm/s and 66 cm/s were achieved. 
Corona charging in combination with Kelvin probe measurements was used to determine the fixed charge 
density [11]. This method requires a certain surface passivation quality to be applicable. Due to too high 
Seff values the procedure could not be applied to the HF-last Al2O3 layer in the as-deposited state and to 
SiO2(H2SO4)/Al2O3 stack. For stack SiO2(HNO3)/Al2O3 and SiO2(HCl)/Al2O3 a fixed charge density of 
about Qf ≈ 1012 cm-2 was found after ALD (see Table 1). After firing as well as after anneal no fixed 
charge density could be determined for all chemical SiO2/Al2O3 stacks. This implies that the amount of 
fixed charges was below 1012 cm-2. 
In Figure 5 the Seff on QCorona dependence is shown for a 30 nm HF-last ALD Al2O3 film after direct 
firing, after anneal treatment and anneal treatment followed by an additional firing treatment. After anneal 
a fixed charge density of Qf ≈ 8·1012 cm-2 was achieved. A following firing step did not influence the 
field-effect passivation. The fixed charge density kept constant (Qf ≈ 8·1012 cm-2). Similar results were 
reported previously also for 30 nm ALD Al2O3 deposited with Al(CH3)3 and O2-plasma as reactants [12]. 
After direct firing a fixed charge density of Qf ≈ 2·1012 cm-2 was determined. The direct industrial firing 
step did not improve the field-effect passivation to the same level reached after anneal, respectively after 
anneal followed by firing.  
 
Table 1. Overview of negative fixed charge densities in Al2O3 and chemical SiO2/Al2O3 stacks as determined from the combination 
of Corona charging and Kelvin probe measurements (In the case no peak was observed in the Seff(QCorona) it is assumed that the fixed 
charge density is <1012 cm-2) 
 As-deposited Anneal 400°C Firing 850°C 
HF-last Al2O3 Not measurable 8.5·1012 cm-2 1.5·1012 cm-2 
SiO2 (HNO3) /Al2O3 1.6·1012 cm-2 <1012 cm-2 <1012 cm-2 
SiO2 (HCl/H2O2) /Al2O3 1.2·1012 cm-2 <1012 cm-2 <1012 cm-2 
SiO2 (H2SO4/H2O2) /Al2O3 Not measurable <1012 cm-2 <1012 cm-2 
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4. Conclusion 
In conclusion we demonstrated excellent Seff-values below 10 cm/s for 30 nm ALD Al2O3 films on H-
terminated and oxidized silicon surfaces after direct industrial firing at 850°C on n- as well as on p-type 
silicon. As comparison after an anneal treatment at 400°C in N2, Seff < 10 cm/s on n-type Si and < 5 cm/s 
on p-type Si were achieved. A good uniformity of surface passivation quality was demonstrated on large 
area samples with an 8” diameter. By analysing the field-effect passivation on p-type Cz silicon no fixed 
charge density could be determined for the chemical SiO2/Al2O3 stacks after firing implying Qf < 1012 cm-
2. The fixed charge density of the ALD Al2O3 on H-terminated silicon surface showed lower fixed charge 
densities after a direct industrial firing step compared to after annealing at 400°C and compared to after 
annealing followed by an additional firing step at 850°C. Apparently the full amount of field-effect 
passivation is not reached by a direct firing step.   
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